Abstract. Metabolic acidosis has been proved to be a risk factor for the progression of chronic kidney disease, but its relation to acute kidney injury (AKI) has not been investigated. In general, a diagnosis of metabolic acidosis is based on arterial blood gas (ABG) analysis, but the diagnostic role of carbon dioxide combining power (CO 2 CP) in the venous blood may also be valuable to non-respiratory patients. This retrospective study included all adult non-respiratory patients admitted consecutively to our hospital between October 01, 2014 and September 30, 2015. A total of 71,089 non-respiratory patients were included, and only 4,873 patients were evaluated by ABG analysis at admission. In patients with ABG, acidosis, metabolic acidosis, decreased HCO 3 -and hypocapnia at admission was associated with the development of AKI, while acidosis and hypocapnia were independent predictors of hospital mortality. Among non-respiratory patients, decreased CO 2 CP at admission was an independent risk factor for AKI and hospital mortality. ROC curves indicated that CO 2 CP was a reasonable biomarker to exclude metabolic acidosis, dual and triple acid-base disturbances. The effect sizes of decreased CO 2 CP on AKI and hospital mortality varied according to age and different underlying diseases. Metabolic acidosis is an independent risk factor for the development of AKI and hospital mortality. In non-respiratory patient, decreased CO 2 CP is also an independent contributor to AKI and mortality and can be used as an indicator of metabolic acidosis.
Introduction
Acidosis is the most common acid-base disturbance, with metabolic acidosis potentially indicating a more severe course and worse outcome. The actual incidence and prevalence of metabolic acidosis have not been established in critically ill and general patients. Often this disorder is a marker for underlying pathology, and the most commonly encountered causes of metabolic acidosis are renal insufficiency, sepsis, and diabetic ketoacidosis. Although recent studies showed that metabolic acidosis is associated with high mortality and increased the length of stay in the hospital and ICU (1, 2) , it remains uncertain whether or not there is a true cause relationship between metabolic acidosis and adverse clinical outcomes.
The kidney is a principally responsible organ for retention and excretion of electrolytes and maintaining acid-base homeostasis in healthy individuals (3) . Both acute kidney injury (AKI) and chronic kidney disease (CKD) can cause metabolic acidosis. But on the other hand, accumulating evidence identifies metabolic acidosis not only as a consequence of but as a contributor to, the progression of kidney dysfunction in patients with CKD (4) . The mechanisms may be that metabolic acidosis can reduce renal blood flow in healthy human volunteers (5) and increase inflammatory mediator release (6) . A recent experimental study proved that metabolic acidosis exacerbates ischemia/reperfusion-induced AKI (7) . However, Limited data exist about the harmful effect of metabolic acidosis on the development of AKI.
In general, a diagnosis of metabolic acidosis is based on arterial blood gas (ABG) analysis after an arterial puncture which may lead to local hematoma and other complications. Carbon dioxide combining power (CO 2 CP) in the venous blood which is a measure of the alkali reserve, can help in the diagnosis of the metabolic types of acidosis and alkalosis. Even though CO 2 CP does not give any idea of the ratio between carbonic acid and bicarbonate, it enables timely diagnosis and proper corrective therapy in metabolic acidosis if respiratory types of acid-base disturbances do not exist.
In this study, we hypothesized that metabolic acidosis might be associated with the development of AKI and hospital mortality, and decreased CO 2 CP can be used to an indicator of metabolic acidosis in non-respiratory patients. The study was aimed at identifying the variables in acid-base status Metabolic acidosis as a risk factor for the development of acute kidney injury and hospital mortality at admission which were associated with the occurrence of renal dysfunction and hospital mortality. The secondary aims were to determine the relationship between CO 2 CP and other variables in the electrolyte and acid-base status and to screen high-risk patients of AKI and hospital mortality when decreased CO 2 CP occurs.
Materials and methods
Study population and data collection. This retrospective study included all adult patients admitted consecutively to Zhongshan Hospital, Fudan University in Shanghai, China, between October 01, 2014 and September 30, 2015. This study was approved by the institutional review board of the ethics committee, Zhongshan Hospital, Fudan University, Shanghai China. The requirement for informed consent was waived for this observational survey. The patient records and information were anonymized and de-identified before analysis. Exclusion criteria were the following: Age of fewer than 18 years, serum creatinine (SCr) at admission >115 µmol/l, CO 2 CP at admission >29 mmol/l, history of CKD and respiratory diseases, hospital admissions for respiratory diseases. The respiratory diseases included inflammatory lung diseases, restrictive lung diseases, respiratory tract infections, lung tumors, pleural cavity diseases and pulmonary vascular diseases.
All the data were collected from an electronic medical record database. The data included demographics, categories of underlying diseases, mean blood pressure (MBP) and laboratory values at admission. However, we focused on the data of electrolyte and acid-base status in all included patients. The incidence of AKI, hospital mortality, hospital stay, and costs was also recorded.
Definitions and calculation. AKI was defined using Kidney Disease: Improving Global Outcomes criteria (8) as an increase in serum creatinine (SCr) ≥0.3 mg/dl (≥26.5 µmol/l) within 48 h, or an increase in SCr to ≥1.5 times baseline known or presumed to have occurred within the prior seven days. The patients who developed AKI during the following hospitalization were divided into AKI group, while those who did not be split into the non-AKI group.
All samples were analyzed in the central laboratory of the Institution. Anion gap (AG) was calculated by the standard formula (9) [urea] , with the normal range from 280 to 310 mOsm/l. Hypernatremia, hyponatremia, hyperkalemia, hypokalemia, hyperchloremia, hypochloremia, hypercalcemia, hypocalcemia, hyperphosphatemia, hypophosphatemia, hypermagnesemia, hypomagnesemia, hyperuricemia and hypouricemia were defined according to the reference ranges provided by the central laboratory. Metabolic acidosis includes simple and complex metabolic acidosis, and the latter may exist in dual or triple acid-base disturbances. Simple, dual and triple acid-base disturbances were diagnosed according to the flow diagrams described by Milford Fulop (11) . Decreased CO 2 CP was defined when it was lower than 23 mmol/l (normal range: 23-29 mmol/l).
Statistical methods. The data were analyzed using SPSS version 24.0 software (SPSS, Chicago, IL, USA). Continuous variables are presented as mean ± SD if they were statically normally distributed and categorical variables as numbers and percentages. Moreover, they were compared using the Student t-test for continuous variables and the χ 2 test for categorical variables. Medians and interquartile ranges are presented when variables are not normally distributed, and they were compared using Mann-Whitney U test. Multiple regression binary logistic regression with the Wald forward stepwise method was performed to evaluate the independent risk factors for the occurrence of AKI and hospital mortality, and the results are presented as odds ratios (ORs) and 95% confidence intervals (CIs). We also used Cox proportional hazard model with the Wald forward stepwise method to analyze the independent predictors of AKI and hospital mortality after propensity scores matching, and the results are presented as hazard ratios (HRs) and 95% CIs. The significant acceptance and removal levels for a covariate were set at 0.05 and 0.1, respectively. Multiple linear regression analysis with the stepwise method was used to determine the relationship of CO 2 CP and other variables. The ability of CO 2 CP to predict AKI and hospital mortality, and to diagnose acid-base disturbances was assessed by plotting the receiver operating characteristic (ROC) curves and further reported as areas under the curve (AUC) with 95% CIs. An AUC-ROC value of >0.7 was taken to indicate reasonable biomarker performance (12) . ROC curve optimal cut-off values were defined as the point that maximized the Youden index, defined as (sensitivity + specificity)-1 (13) . A P-value <0.05 was considered to indicate statistical significance.
Propensity score matching. To reduce the impact of potential confounding factors in an observational study, we also performed propensity score matching for each AKI using a multivariable logistic regression analysis model based on the following covariates: Age, sex, SCr and BUN at admission. Propensity scores were then employed using the nearest neighbor matching algorithm. Matching was performed with a computer application implemented in SPSS 24.0 and R software version 3.2.2 to select for the most similar propensity scores and to create 1:2 matched pairs (matching the non-AKI to AKI). To identify independent risk factors of AKI and hospital mortality in patients with ABG, we conducted three Cox proportional hazard models. We included all potential factors associated with AKI and hospital mortality in model 1, the level of HCO 3 - was not included in model 2, and PaCO 2 was not considered in model 3.
Results
Patient characteristics. After screening, a total of 71,089 patients met the inclusion criteria, and there were 4,873 patients with ABG analysis. The flow-chart of this study was showed in Fig. 1 . In all included patients, the incidence of AKI was 9.5%, and the hospital mortality was 0.7%, while the rates in patients with ABG were 19.4 and 1.6%, respectively. The top four underlying diseases with a high incidence of AKI were cardiothoracic surgery (40.7%), cancer (15.8%), general surgery (10.3%) and neurological diseases (10.1%), while the incidence of AKI in cardiovascular patients was 4.3%. Characteristics of all subjects before and after propensity score matching were listed in Table I , while the details of patients with ABG were showed in Table II . By the propensity score, patients in AKI group were successfully matched to patients in the non-AKI group with the ratio of 1:2 in all patients and patients with ABG. After propensity score matching, no statistically significant baseline characteristics in age, sex, SCr and BUN at admission between AKI and non-AKI groups were found. After propensity matching of all patients, the hospital mortality in AKI group was eight times higher than that in the non-AKI group (4.0 vs. 0.5%, respectively, P<0.001). The hospital stay was longer (P<0.001), and the cost was higher (P<0.001) in AKI group than these in the non-AKI group.
Clinical data at admission after propensity matching. In all included patients, the patients in AKI group had lower mean blood pressure, hemoglobin, albumin and a higher number of white blood cell and indexes of liver function (P<0.001). There was significant differences in the levels of Na (P<0.001), K (P=0.001), Cl (P<0.001), Mg (P<0.001), Ca (P<0.001), osmolality (P<0.001) and serum uric acid (P<0.001) between AKI and non-AKI group. Although the median of CO 2 CP in these two groups was same, the lower interquartile was lower in AKI group than that in the non-AKI group, and there was a significant difference (P<0.001) ( Table I ).
In 4,873 patients with ABG, those in AKI group had still lower hemoglobin and albumin, higher indexes of liver function than these in the non-AKI group. There were significant differences in the levels of electrolytes, including Na (P=0.029), Cl (P=0.008), Mg (P<0.001), and Ca (P=0.003). The osmolality in AKI group was lower than that in the non-AKI group (P= 0.0008). Even though there was no significant difference in pH and AG between these two groups, the levels of PaCO 2 (P=0.001), HCO 3 -(P<0.001), BE (P<0.001), SIDe (P<0.001) and SIG (P<0.001) were significantly different. The CO 2 CP in AKI group was lower than that in the non-AKI group (P=0.028). Figure 1 . Flowchart of the study. All patients and patients with ABG were analyzed respectively, and propensity score matching was used to obtain more reliable conclusions. SCr, serum creatinine; CO 2 CP, carbon dioxide combining power; AKI, acute kidney injury; ABG, arterial blood gas analysis; CKD, chronic kidney disease. Table I . Baseline characteristics of all included patients before and after propensity score matching.
Before matching
Propensity score matching (1:2) Table III. In all included patients, multivariate logistic regression analysis and Cox proportional hazards model were used to determine the independent risk factors of incidence of AKI during the following hospitalization. For the final multiple logistic analysis, 22 variables were kept in the model for AKI, including age, male sex, CO 2 CP <23 mmol/l (OR 1.220, 95% CI: 1.150-1.295, P<0.001), mean blood pressure <70 mmHg, hyponatremia, hypernatremia, and so on. After propensity matching, 14 variables were selected in Cox proportional hazards model for the development of AKI, including CO 2 CP <23 mmol/l (HR 1.099, 95% CI: 1.041-1.161, P=0.001), mean blood pressure <70 mmHg, hypernatremia, and so on. The detailed results were listed in Table IV .
Independent risk factors for hospital mortality. For patients with ABG, multivariate logistic regression analysis, and three Cox proportional hazards models were used to determine the independent risk factors for hospital mortality. For the final multiple logistic analysis, four variables were kept in the model for hospital mortality, including age, pH>7.45, AST, and albumin. Three Cox proportional hazards models were also conducted as above; six variables were kept in more than one model, including age, pH<7.35, PaCO 2 <35 mmHg, hypo-osmolality, AST, and decreased albumin. The detailed results were listed in Table V. In all included patients, multivariate logistic regression analysis and Cox proportional hazards model were used to identify the independent risk factors for hospital mortality. For the final multiple logistic analysis, 14 variables were kept in the model for hospital mortality, including age, male sex, CO 2 CP <23 mmol/l (OR 1.344, 95% CI: 1.107-1.632, P=0.003), hyponatremia, hypochloremia, and so on. After propensity matching, 11 variables were selected in Cox proportional hazards model for hospital mortality. CO 2 CP<23 mmol/l was also an independent risk factor for hospital mortality (HR 1.294, 95% CI: 1.026-1.632, P=0.030). The detailed results were listed in Table VI. ROC curves of CO 2 CP. In all included patients, the area under the ROC of CO 2 CP was 0.557 (95% CI: 0.550-0.565, P<0.001) Table I . Continued.
Propensity score matching (1:2) ------------------------------------------------------------------------------------------------------------------------------ Table II. Baseline characteristics of included patients with arterial blood gas analysis before and after propensity score matching.
Propensity score matching (1:2) --------------------------------------------------------------------------------------------------------------------------- for predicting of not developing AKI and 0.590 (95% CI: 0.563-0.618, P<0.001) for predicting of no hospital death. And the optimal cut-off values of CO 2 CP were 23.5 (sensitivity 65.3%, specificity 43.5%) and 22.5 mmol/l (sensitivity 77.8%, specificity 38.0%), respectively ( Fig. 2A and B) . In patients with ABG, the area under the ROC of CO 2 CP was 0.746 (95% CI: 0.730-0.763, P<0.001) for diagnosis of no metabolic acidosis and the optimal cut-off values of CO 2 CP were 23.5 (sensitivity 70.9%, specificity 68.6%), indicating reasonable biomarker performance (Fig. 2C) . We also conduct ROC curves of CO 2 CP for excluding the diagnosis of any acid-base disturbances (Fig. 2D) (Fig. 3) . The total hospital mortality in decreased CO 2 CP group was 1.3%, significantly higher than normal CO 2 CP group (0.6%) (OR 1.98, 95% CI: 1.66-2.37, P<0.001). The increasing trend of ORs along with older age was not present, and there were significant differences only at the age stages of 50-64 years (OR 2.91, P<0.001), 65-79 years (OR 2.36, P<0.001), and >80 years (OR 1.61, P=0.007). The effect sizes of decreased CO 2 CP on hospital mortality were significantly different in digestive (OR 4.41, P<0.001), cardiovascular diseases (OR 2.80, P<0.001), general surgery (OR 2.47, P=0.008), cancer (2.27 1.61, P=0.001), neurological diseases (OR 1.83, P=0.033), and others (OR 1.83, P=0.003) (Fig. 4) .
Discussion
The present study focuses on the variables in the electrolyte and acid-base balance among non-respiratory patients associated with the occurrence of AKI and hospital mortality using a propensity score matching method. Primary analysis in patients with ABG demonstrated that several variables which could result in decreased CO 2 CP, such as acidosis (pH<7.35), metabolic acidosis, decreased HCO 3 -and hypocapnia were associated with the development of AKI, while acidosis and hypocapnia were independent predictors of hospital mortality. Further analysis found decreased CO 2 CP was an independent risk factor for AKI and hospital mortality. AUC-ROC indicated that CO 2 CP was a reasonable biomarker to exclude metabolic acidosis, dual and triple acid-base disturbances with 22.5 or Table II . Continued.
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Propensity score matching (1:2) - -------------------------------------------------------------------------------------------------------------------------------------------------- 23.5 mmol/l as optimal cut-off values. Furthermore, the effect sizes of decreased CO 2 CP on AKI and hospital mortality varied according to age and different underlying diseases. Whether acid-base disturbances are contributors to acute kidney injury or rather are simple epiphenomena has rarely been discussed in previous studies. The role of serum bicarbonate level as a risk factor for renal outcomes (end-stage renal disease or 50% reduction in evaluated glomerular filtration rate) has been evaluated in patients with CKD. Aſter adjustment for covariates, the risk of developing a renal endpoint is 3% lower per 1 mM increase in serum bicarbonate level (HR 0.97, 95% CI: 0.94-0.99) (14) . However, it is not known whether metabolic acidosis affects the development of AKI in a clinical setting. Our research found that acidosis, especially metabolic acidosis, hypocapnia, and decreased CO 2 CP were contributors to the incidence of AKI. Besides, the previous study (1) showed that patients with acidosis are 4 to 5 times as likely to die as patients who do not, and the mortality among patients with metabolic acidosis is highest for patients with lactic acidosis (high AG) and SIG acidosis. We found that acidosis, hypocapnia, and decreased CO 2 CP were predictors of hospital mortality, and significantly higher SIG was observed in AKI group than the non-AKI group, indicating that SIG should also be carefully monitored, especially in critically ill patients. Although the roles of metabolic acidosis in the development of AKI and death were confirmed, the benefits and administration timing of sodium bicarbonate for prevention and treatment of AKI are still not clear now (15) .
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In this study, we restricted our analysis to patients without respiratory diseases and patients with increased CO 2 CP at admission were also excluded, for several reasons. As discussed above, CO 2 CP does not reflect the actual state of the acid-base balance when respiratory acid-base balances exist. Two major acid-base disturbances, respiratory acidosis, and metabolic alkalosis, both of which can result in increased CO 2 CP, are not uncommon in respiratory patients. If respiratory diseases, such as chronic obstructive pulmonary diseases, are excluded, the impact of respiratory acid-base balances to CO 2 CP can be minimized. On the other hand, reduced CO 2 CP suggests metabolic acidosis (1) or respiratory alkalosis (16), Table IV . Independent risk factors for acute kidney injury including all patients.
Multiple logistic analysis
Cox proportional hazards model Most often, decreased CO 2 CP signifies the presence of metabolic acidosis, but it also could reflect a decline in the bicarbonate concentration as compensation for respiratory alkalosis. Respiratory alkalosis is a disturbance in acid and base balance due to alveolar hyperventilation. Respiratory alkalosis is the most common acid-base disturbance observed in patients who are critically ill. When respiratory alkalosis is present, the cause may be a minor non-life-threatening disorder. However, more serious disease processes may exist, especially in critically ill patients. In our study, hypocapnia at admission in non-respiratory patients was associated with poor outcomes, including the development of AKI and hospital mortality. Furthermore, in non-respiratory patients, AUC-ROC stated that CO 2 CP was a reasonable biomarker to exclude metabolic acidosis, dual and triple acid-base disturbances with 22.5 or 23.5 mmol/l as optimal cut-off values.
The relationship of electrolyte disturbances and poor outcomes is complex. They may often be a para-phenomenon, as an indicator of the severity of the underlying diseases. However, according to our multiple logistic regression and propensity-matched analysis, some disorders were independent contributors to hospital mortality, such as hyponatremia, hypochloremia, hyperkalemia, hypermagnesemia, and hyperosmolality. We also found that several types of electrolyte disturbances were associated with AKI (hyponatremia, hypernatremia, hypochloremia, hypocalcemia, hypomagnesemia, hypophosphatemia and hyperphosphatemia).
However, some limitations must be considered. Firstly, although we attempted to control for confounders by using multiple logistic regression analysis and Cox proportional hazards model after propensity score matching, this retrospective observational design does not establish causal relationships of acid-base disturbances with the development of AKI and hospital mortality. Secondly, only non-respiratory patients were considered in this study, which may lead to potential bias and we could not give a reasonable explanation for different effect sizes of decreased CO 2 CP on various underlying diseases in our study. Thirdly, although we tried to collect the data about the intervention of acid-base disturbances, for example, the administration of sodium bicarbonate and fluid management, it was too hard to obtain these data for a retrospective study. Further well-designed and prospective research is needed.
Metabolic acidosis is an independent risk factor for the development of AKI and hospital mortality. In non-respiratory patients without ABG, decreased CO 2 CP is also an independent contributor to AKI and mortality, and can be used as an indicator of metabolic acidosis. Further ABG test is needed, and close attention should be paid to high-risk patients with decreased CO 2 CP. ----------------------------------------------------------- . Subgroup analysis of decreased carbon dioxide combining power (<23 mmol/l) as a contributor to hospital mortality. The effect of different age subgroups and underlying diseases were analyzed. AKI, acute kidney injury; CO 2 CP, carbon dioxide combining power; OR, odds ratio; CI, confidence interval.
Multiple logistic analysis Cox proportional hazards model ------------------------------------------------------------------------------------------------------------------------------------------------
